Micro-and nanoparticles persist in all environmental aquatic systems and their identification and quantification are of considerable importance. Therefore, the application of Laser-induced breakdown to aquatic particles is of interest. Since direct application of this method to water samples is difficult, further understanding of the breakdown is needed. We describe several optical techniques for investigation of laser breakdown in water, including Mach-Zehnder interferometry, shadow, and Schlieren diagnostic. They allow for studying the time dependent structure and physical properties of the breakdown at high temporal and spatial resolutions. Monitoring the formation of microbubbles, their expansion, and the evolution of the associated shockwaves are described. The new understanding is that the plasma column in liquids has a discrete nature, which lasts up to 100 ns. Controlling the generation of nanoparticles in the irradiated liquids is discussed. It is shown that multivariate analysis of laser-induced breakdown spectroscopy allows for differentiation between various groups of suspended particulates.
Liquid Suspensions
The effect of micro-and nanoparticles on migration of pollutants is a major environmental concern [1] . Micro-and nanoparticles are present in all aquatic systems [1] [2] [3] [4] . The characteristic particle sizes are between 1 nm and 10 m and they possess a high surface to mass ratio. Sorption of contaminants on their surfaces can result in severe pollution. In addition, micro-and nanoparticles may provide a medium for microbial growth. The common waterborne particulates include the following:
(a) mineral particles: clay, silica, hydroxides, and metallic salts;
(b) organic particles: humic and fulvic acids stemming from the decomposition of vegetable and animal matter;
(c) biological particles: microorganisms such as pollens, bacteria, plankton, algae, and viruses.
Besides the environmental effects, waterborne particles are often unwanted contaminants in industrial processes, since they often reduce the product quality [5] . Therefore the development of fast and simple methods for characterization of particles in water is of considerable importance. There are several known methods for detection of particles in water [5] but laser-induced breakdown detection (LIBD) is one of the most promising experimental techniques for direct quantification of aquatic colloids.
LIBD has the potential to provide online analysis of particles in water. Therefore understanding the breakdown mechanism in water is of considerable importance. In principle, LIBD is based on generation of discharge events induced by a laser at colloidal particles [6] . In this method, a high power laser pulse is focused in a sample, thus generating a local plasma or laser spark. The emission from the atoms and ions in the plasma is collected by an optic fiber and guided to a detector. LIBD involves the collection and processing of the spectral signature resulting from the plasma and the analytes 2 Advances in Chemistry [7] . The generic nature of the breakdown has been utilized as a robust and conceptually simple method for elemental characterization of gases [8] , solids [9] , and aerosols [7, 10, 11] .
When suspensions are concerned, LIBD is capable of detecting very small particulates, even at low concentrations [12] [13] [14] [15] [16] [17] . However, the currently available methods suffer from considerable difficulties associated with quantification of particles in water [5, 13] . In this environment, particles of diameter smaller than 100 nm can be detected only at relatively high concentrations.
Laser Breakdown in Liquids
The interaction of high intensity light with condensed matter leads to breakdown. The origin of breakdown in air has been investigated [18] , as well as the characteristics of the breakdown process itself [19] . The process requires high power densities of about 10 8 W cm −2 . Such power densities can be produced by focusing a pulsed laser beam of a few mJ and several ns pulse duration [12, 20] . As a result, the electrons are released from atoms and molecules by a multiphoton absorption avalanche mechanism. The initially released electrons are accelerated in the electric field of the laser pulse. Electron avalanche is produced by the electrons which knock out other electrons from the atoms and molecules. During the plasma generation process, the plasma heats up by several thousand Kelvins and its volume expands by creating a shockwave. The plasma is eventually cooled down by emission of light and other processes. Figure 1 represents the generation of plasma in liquids.
The breakdown energy threshold is the minimum energy density required for plasma generation and depends on the state of aggregation of the medium. It is highest for gases, lower for liquids, and lowest for solids [21] . Often the medium density (liquids and solids) can be modified for improved LIBD. For example, when the laser energy is not sufficient for inducing breakdown in pure water, addition of particles can solve the problem.
Visualization Techniques for Optical Breakdown
First experiments on visualizing the region of laser breakdown have been performed in gaseous atmosphere [22, 23] . Studying the optical breakdown has been carried out in the microsecond and partially in nanosecond ranges, by applying coherent and noncoherent techniques [24] [25] [26] [27] [28] . The morphology of breakdown on surfaces was also investigated in detail, using several technologies [29, 30] . Breakdown in water in picosecond and femtosecond temporal ranges has also been investigated [20, 31, 32] . However, studying the discrete character of breakdown events requires better spatial resolution than was done in the past. The following three methods are especially suited for visualization of breakdown processes in water: shadowgraphy, Schlieren, and MachZehnder interferometry. 
Shadowgraphy.
Shadowgraphy is an optical technique that reveals nonuniformities in transparent media such as air, water, or glass [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Regular vision and optical inspection methods are not sensitive to temperature differences, to variations in gas composition, or to shockwaves in air. However, these disturbances refract light, so they can cast shadows. A point (or collimated) light source is used for direct illumination of the transparent object under study. The phase of the diagnostic wave can be changed by warm air or other events that cause nonhomogeneity in the medium. This phase change causes shadows on the screen. Applications of shadowgraphy in science and technology are very broad. It is used in aerospace engineering to visualize the flow about high-speed aircrafts and missiles, as well as in combustion research, ballistics, and explosions and in testing of glass quality. A shadowgram (the result of applying the shadowgraphic technique) is not a focused image; rather it is a mere shadow. In a shadowgram, the differences in light intensities are proportional to the second spatial derivative of the refractive index field in the transparent medium under study.
Schlieren Technique.
The basic optical Schlieren system uses light from a collimated source. Variations in refractive index caused by density gradients in the fluid distort the collimated light beam. This distortion creates a spatial variation in the intensity of the light, which can be visualized directly by using optical diaphragms [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] .
In Schlieren photography, the collimated light is focused on a knife-edge obstacle (the so-called Foucault knife) placed in the focal plane, so that the source image is projected onto the edge of the knife. If the sample contains no density gradients or other optical inhomogeneities, the light is blocked by that obstacle. Otherwise, a part of the light is scattered and passes above the barrier and forms an image on the detector.
The result is a set of lighter and darker patches corresponding to positive and negative density gradients in the direction normal to the knife-edge. This system measures the first derivative of density in the direction perpendicular to the knife-edge. Schlieren method provides a high contrast image.
An experimental setup representing the application of Schlieren technique to breakdown in liquids is shown in Figure 2 . In this setup, the optical collimation system sharply focused the breakdown region onto the imaging detector. In this setup the plasma was initiated by a Nd:YAG laser ( = 1064 nm, 6 ns), which was focused into a quartzwindowed cuvette, where the liquid under study was located. A second laser (2nd harmonic of a Nd:YAG) was used for probing the cuvette in a direction perpendicular to the first laser beam. The probing laser was fired at controllable time delay after the first laser pulse, such that time-resolved information can be achieved. An argon-ion laser was used for alignment and adjustment of the optical components.
Mach-Zehnder Interferometry.
Mach-Zehnder interferometer is a device used to determine the phase shift caused by a small sample which is placed in the path of one of two collimated beams (thus having plane wave fronts) from a coherent light source [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . A collimated beam is split by a half-silvered mirror. The two resulting beams (the "sample beam" and the "reference beam") are each reflected by a mirror. The two beams then pass a second halfsilvered mirror. Reflection at the surface of a medium with a higher refractive index causes a phase shift. Mach-Zehnder interferometer has two important features. One is that the two paths are widely separated and are traversed only once; the other is that the region of localization of the fringes can be made to coincide with the test object, so that an extended source of high intensity can be used. The experimental setup presenting the application of Mach-Zehnder interferometry to breakdown in liquids is shown in Figure 3 .
In all the above methods (interferometry, Schlieren, and shadowgraphy), the image formation relies on refractive 
The Structure of Optical Breakdown in Liquids
Most studies of the phenomena of optical breakdown in water refer to the dynamics of the radiation emitted from the breakdown region and only a few address the integral hydrodynamic picture of the process. Understanding the optical breakdown mechanism in liquids, formation of laser spark columns, and their time evolution are of considerable importance to a variety of tasks. These include biomedical applications, plasma-mediated eye and biological tissues surgery [43, 44] , selective cell targeting with lightabsorbing nanoparticles, chemical engineering, and generation of micro/nanoparticles. It is also relevant to numerous analytical applications based on laser plasma spectroscopy [45] [46] [47] [48] . Laser-induced breakdown mechanism in air and in solids is well established [49] [50] [51] [52] [53] [54] . The hydrodynamic characteristics of laser-induced breakdown in water, as well as in some other liquids, have also been studied [24, 50, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . In earlier studies [25, [55] [56] [57] , the breakdown was analyzed at microsecond resolution, which was not sufficient for revealing the early stages of the breakdown mechanism. Better spatial and temporal resolution down to the ns range allowed a better insight into the breakdown phenomenon [63] [64] [65] ; however, the discrete structure of the laser spark column was not observed. Microsperical shockwaves in liquids were investigated [24] and numerical simulations have also been carried out. Such simulations and experimental data on plasma dynamics [64, 66] and shockwave formation [28, 64, 67] explained the cavitation dynamics and bubbles arising in water after breakdown and lasting longer than 1 s [65, 68] . It has been suggested that plasma formation in water is initiated by electrons generated by multiphoton absorption in the liquid itself or in persistent impurities [64, 69, 70] .
In almost all published articles in the last few decades the laser spark column in water was considered as a continuous object. The discrete structure and dynamics of laser spark columns in water have been only recently revealed by applying shadowgraphy and Schlieren diagnostic techniques [71, 72] . These high temporal and spatial resolution techniques allowed, for the first time, determining the discrete structure of the breakdown in its early stages. The laser spark in water was interferometrically imaged at its earlier moments of time. The application of Mach-Zehnder interferometry provided both high spatial and temporal resolutions, as was needed for studying the discrete microscopic structures of a laser spark column.
The structure of the laser spark depends on the laser beam characteristics, on the liquid (including its contaminants), and on time. We shall first address the structure of the laser spark columns in water and their dependence upon the nature of persistent impurities. These microscopic solid particulates initiate the plasma formation. In principle, double distillated water (DDW) should not contain any particles. In practice, the distillation process is not free of contamination and any exposure to air contributes to considerable additional contamination. The actual particulate concentration in DDW slightly exposed to air is ca. 2 ⋅ 10 4 cm −3 . This concentration is at least two orders of magnitude lower than that usually found in tap water. Filtration of tap water through 0.45 m pore-size filter reduces the particulate concentration to ca.
⋅ 10
5 cm −3 and a 0.22 m pore-size filter can further reduce the concentration to ca. 3 ⋅ 10 4 cm −3 . Therefore, tap water, DDW, and filtered water were all good media for investigating the breakdown threshold in the presence of impurities.
Time-resolved breakdown in tap water can be imaged using Schlieren technique and some representative results are shown in Figure 4 . One can see that shortly (a few ns) after the laser pulse the laser spark column is filled with microplasma balls of tens of m in size. The avalanche ionization is probably responsible for the observed luminous balls over the particulates [20] . In a few nanoseconds the particulates are evaporated and the thermal explosion of the vapors creates microbubbles, as the surrounding water is forced out. These microbubbles and the associated shockwaves evolve in time as shown in this figure. These images demonstrate the capabilities of Schlieren technique to provide time-resolved images of breakdown events in water.
Similar temporal resolutions (in the low ns range) can also be achieved using Mach-Zehnder interferometry. It provides more detailed information on laser sparks in liquids, with spatial resolution of ≤10 m. The shifts of the interference fringes and their sign allow calculating the local changes of the refraction index in the examined liquids. For example, a region compressed by a shockwave has positive refraction index change. This can be deduced from the corresponding sign of the fringe shifts. A region warmed by the laser radiation has negative refractive index change. Positive and negative changes of the refraction index lead to fringe shifts in opposite directions, perpendicular to the fringes.
The basic features of the breakdown in liquids are schematically presented in Figure 5 . Numerous plasma events are formed in the vicinity of the focal point and along the laser beam. All of them together form the so-called laser spark column. It consists of microplasma balls, microbubbles, and spherical shockwaves of well-defined front (which were clearly presented in the Schlieren picture in Figure 4 ).
During the laser radiation time, a warmed channel is formed in the liquid along the laser beam. In some liquids, such as alcohols, this channel results in a cylindrical shockwave propagating apart from the laser beam. In water, a different kind of cylindrical shockwave evolves at longer times: the spherical shockwaves expand and interfere with each other. These interferences result in a cylindrical pattern, called interfering shockwave cylinder. We shall now address the various time domains in the breakdown life. Clearly, the discrete structure of laser spark columns is formed during a few ns after the heating pulse. The laser spark evolution is conveniently divided into three major time intervals: the first stage ( < 50 ns), the second time stage (50-200 ns), and the third stage (>200 ns). These are discussed in the following.
The first 50 ns of the spark generation is presented in Figure 6 . At the end of the laser pulse (of ca. 5 ns) the spark column is full of luminous microplasma balls of ca. 100 m diameter. They arise due to avalanche ionization in the vapors of ablated material and successive heating of the plasma due to the bremsstrahlung effect. The vapors move as a piston working on the surrounding liquid and generate a powerful microsperical shockwave in it. The microplasma balls last up to ∼1 s. Since the plasmas are generated at the surface of particles, the initial sizes and characteristics of the microplasma balls within the plasma column depend on the nature of the suspended particulates and on their concentration. It can be seen that the size of the microplasma balls monotonically increases in the first ca. 500 ns, in both water and alcohols [71] .
In both tested liquids, the microsperical shockwaves are getting clearly visible in about 20 ns. However, while in water the size of the spherical shockwave fronts is remarkably larger than the size of microplasma balls, in ethanol the size of the spherical shockwaves only slightly exceeds that of the luminous microplasma balls. Also the speed of the shockwaves (visible as coaxial rings) is larger in water (measured at the same time). This can be attributed to the much lower compressibility of water (4.4⋅10 liquids. In tap water only about 50% of the particles ignited breakdown processes, while in ethanol almost all particles were associated with plasma events. The differences might be attributed to the differences in size distribution and in the chemical nature of the suspended particulates. Nevertheless, the large percentage of particles involved in the breakdown mechanism supports the model of the discrete nature of plasma generation in liquids.
The second time rage in the spark's life starts at 50 ns and lasts till 200 ns. It is characterized by larger microbubble sizes and spherical shockwaves. This process is illustrated in Figure 7 , where both the large microbubbles and the associated spherical shockwaves are clearly imaged. The microbubble sizes are larger than those of the microplasma balls.
At this time domain, the characteristic size of the spherical shockwaves is comparable to the average distance between suspended particles. Therefore, an interfering shockwave cylinder is formed, as a result of overlapping neighboring spherical shockwaves. This is manifested in a mixture of interferometric fringes of cylindrical symmetry. Note that, in the past, this cylindrical shockwave was considered as a continuous object, since the old experimental setups were not able to resolve the discrete structure of the laser spark column [50, [59] [60] [61] [62] . It is now clear that when the spherical shockwaves emerge in a cylindrical pattern (50-90 ns) , it is still a shockwave (Mach number >1). Only at later times does it become a strong acoustic wave.
As the spark evolves beyond 200 ns, the size of the microbubbles becomes remarkably larger than the diameter of the microplasma balls. The evolution of microbubbles and spherical shockwaves in this range is shown in Figure 7 . Also the interfering shockwave cylinder becomes a cylindrical acoustic wave, which is clearly observed and its radius is much increased.
It is at this stage that the plasmas change from discrete nature to continuous one. The cylindrical shockwaves are merged into spherical shockwaves. This happens when the numerous microsperical shockwaves expand and combine into a single cylindrical shockwave. The transformation that the spark undergoes from discrete nature in the very beginning to a continuous event at longer times is a recent concept. Cylindrical shockwaves were well recognized [25, 74] ; however, the experimental setups used in the past did not allow for observing this transition. The old measurements were carried out either at too long times (of ca. 6 s), when only the continuous spark could be observed, or at short times but using experimental setups that did not allow for observation of the discrete events. Therefore only the new interferometric measurements were able to reveal the mechanism of the formation of the cylindrical shockwaves.
The above described spark generation mechanism is valid under most experimental conditions, where the laser focusing is moderate and the liquid contains a reasonable concentration of particulates. This might not always be the case. Under very sharp focusing conditions and at very low particulate concentrations, the mechanism might be different. Under such sharp focusing conditions, spherical shockwaves are expected and not cylindrical. If the particulate concentration is very small such that not even a single particle is present in the focal volume, the mechanism of the breakdown might be different. This was probably the case when much shorter plasma luminescence lifetimes were observed [66, 75] . However, it was found that, in most commercially available liquids of analytical grade, there are a few particles present in the focal volume of a singlet of = 50-100 mm, and at least 1-2 breakdown events can be observed. shockwaves. For example, the radii of the microbubbles and of the surrounding spherical shockwaves in water and ethanol as a function of time are presented in Figure 8 . The results support the following interpretation of the breakdown dynamics. First, the suspended particulates in the irradiated liquid absorb the laser pulse. The surfaces of these inclusion particles begin to evaporate and at the same time the expanding motion of the vapors is strongly restricted by the surrounding water. This leads to high pressures, which support the ionization avalanche. Multiphoton absorption and ionization cause the appearance of the first electrons [76] [77] [78] . The expanding vapors act as a spherical piston, which effectively compresses a layer of liquid and generates a spherical shockwave in this medium. This shockwave starts its expansion with supersonic velocity together with the microbubble walls. After a certain time the shockwave outdistances the microbubble wall, leaving it behind. This qualitative interpretation is also supported by a quantitative description and modeling of the process: the expansion of the plasma is often considered as a thermal explosion, approximated by the known dynamics of a point blast [76, 79] . This model describes the situation in which a large amount of energy is liberated in a small volume during a short time interval:
Breakdown Dynamics in Suspensions
where is the radius of the microbubble, is the laser energy absorbed by the particle during the laser pulse, is water density, and is time.
The energy is proportional to the energy of the laser beam and depends on , the size of the particle, and , the diameter of a focal spot:
Equations (1) and (2) provide
In this model the microbubble size depends on the laser radiation and on the size of the particle which has induced the plasma. Evaluating / shows that the microbubbles expand at supersonic velocity only during the laser radiation time. Afterwards, the expansion rapidly slows down and after ca. 20 ns they start moving with subsonic velocities. This is clearly confirmed in Figure 8 : up to ca. 10 ns the microbubble and the shockwave are moving together at supersonic speeds. After that the shockwave outdistances the microbubble.
The Mach numbers of the spherical shockwave fronts are shown in Figure 9 for two liquids. The graphs indicate that the expanding velocities of the spherical shockwaves and of the microbubbles in water are remarkably higher than in ethanol [73] . This is attributed to the higher compressibility of ethanol and to the lower speed of sound in this liquid (1.16 km/s in ethanol and 1.46 km/s in water). The lower compressibility of water may also lead to higher pressures at the shockwave front.
Similar investigations were carried out for laser plasmas in continuous media [64] . Comparison to these data indicates that the shockwaves around a particle are much more intensive than those from a plasma spark column.
Microbubble Radius as a Function of Energy.
According to (1) the microbubble radius depends on the energy of the laser pulse absorbed by the particle. This model of plasma generation in water suspensions cannot be directly confirmed, since in this medium the laser pulse simultaneously generates numerous microbubbles. However, the statistical validity of this model can still be tested using shadowgraphic measurements obtained at the same delay time and at different laser energies. The results have shown that at each energy there is a distribution of microbubble radii. Higher pulse energy generates a larger concentration of microbubbles in the focal volume and these are of larger average radii.
Using the relation ∼ 1/5 and summing over a measured set of microbubbles provide
where and are the numbers of microbubbles of radii , and , , formed when the absorbed energies are and . This measured ratio was ≈2.4. This result correlated well with the ratio of the actual absorbed energies / , which was ≈2.4.
Plasma Column Length.
A significant difference between the plasma generated in liquids and that generated in air is its structure: in air, a single plasma spot is observed, while in liquids numerous tiny plasma spots are generated. These appear in a column extending in the axis direction on both sides of the focal point. The actual length of this column is a function of laser pulse energy. Theoretical investigations [28, 31] have indicated that the length of the plasma column, z, increases with the laser irradiance according to
where is the ratio of the peak power of the laser pulse to the breakdown threshold and is Rayleigh's length. Quite interesting, the experimental values do not quantitatively agree with those calculated in this model. The experimentally obtained results remarkably exceeded the values calculated using (5).
In water suspensions, the length of the laser spark column depends on the concentration of particles and on their size distribution and it increases with the particulate concentration. This effect was demonstrated by measuring the spark column length in pure water (DDW), in tap water, and in a series of mixtures of pure and tap water. The particulate concentration was 2.5⋅10 4 cm −3 in the DDW and 1.
in the tap water. The results are shown in Figure 10 , for fixed laser pulse energy of 70 mJ.
Breakdown Threshold in Suspensions.
Generation of plasma requires laser pulse energies over a specific threshold. Usually, this threshold is defined statistically, since plasma generation close to the threshold has a specific probability [78] . This definition of the threshold is problematic, since it requires numerous measurements and statistical evaluation of the results. A new definition of the breakdown threshold has been recently suggested [71] . Experimental results showed that the plasma column length depends on the amount of energy absorbed by the plasma, as presented in Figure 11 . The intercept of the corresponding regression line with the -axis indicates an energy value which generates a plasma column of zero length. In tap water this value is 13 mJ, which can be considered as the breakdown threshold. This definition of the threshold is readily obtained and does not depend upon statistical assumptions.
Measurements of the experimental breakdown threshold in pure water (DDW) resulted in a value of 15.8 mJ. The threshold in tap water was 5.0 mJ [71] . The breakdown threshold defined by extrapolation to zero plasma column length is higher by the factor of ∼3 in pure water. Other results, using a different breakdown threshold definition, indicated a factor of 5 for ns laser pulses [80] .
The Number of Microbubbles and Their Size along the Laser
Spark Column. The number of microbubbles and their size along the laser spark column can also be analyzed from the plasma shadowgraphs. The average number of microbubbles as a function of the location along the laser spark column is shown in Figure 12 . In all studied cases the microbubble concentration had a maximum, which was found ahead of the optical focus. The absolute number of microbubbles increased with the laser energy. However, it is interesting that the location of the maximal microbubbles concentration moved towards the laser source, as the energy increases. This was attributed to the shielding of the laser light by the plasma and to effects related to modifications in the matrix optical properties at high laser powers.
While the microbubbles concentration possesses a maximum, their average radius monotonically increases along the laser irradiation axis and reaches a maximum value close to the optical focal plane (Figure 13 ). The average microbubble radius in each interval along the plasma column strongly depends on the laser pulse energy. from the peripheral locations where only little laser absorption takes place. Therefore, optimization of spectral measurements requires information on the spatial distribution of the absorbed laser energy along the spark column.
Spatial Distribution of the Absorbed Laser Energy
The measurement of microbubble sizes and concentrations can be used as a diagnostic tool for characterizing the spatial distribution of the absorbed laser energy along the laser spark column. This requires the assumption that the absorbed energy is proportional to the sum of the values 5 along the laser spark. The results (shown in Figure 14 ) indicate that the maximal absorption of the laser beam takes place close to the focal point. As expected, at lower energies the absorbed energy monotonically decreases in the axial direction. However, at the highest energy (of 160 mJ) a local maximum was observed just before the focal point. This was explained in terms of the plasma shielding effect. Another possible explanation was that at high energies the focus moves towards the heating laser source due to nonlinear effects such as self-focusing.
Warmed Channels in Liquid Suspensions.
The laser radiation might form warmed channels in liquid suspensions. It has to be taken into account especially in spectral measurements performed at high repetition rates. Interference imaging allows for measurement of this effect in the focal volume region. The temperature change, Δ , was estimated using the interference measurements. The change in the refractive index was approximated using the following expression: Δ = Δ / , where Δ is the experimentally measured fringe shift in the warmed region, is the wavelength of the diagnostic radiation, and is the diameter of the warmed region. This way, the temperature change was estimated as
For water, the constant ( / ) = −0.8⋅10 −4 [81] . Therefore, the corresponding temperature change in water is Δ ≈ 50 K. This value was in agreement with the result obtained from conservation of energy consideration. It was found that the warmed channels in water last more than 1 s and then they are deactivated by the process of thermal conductivity.
A different mechanism was observed in alcohols. In this case the warmed channels generate cylindrical shockwaves, expanding in radial direction. The dynamics of such cylindrical shockwaves in alcohols are interesting and are described in the following.
Dynamics of Cylindrical Shockwaves in the Alcohols.
The dynamics of the cylindrical shockwaves generated in alcohols were obtained from interferograms of the warmed regions. Examples of the interferograms obtained from ethanol suspensions and the associated cylindrical shockwaves at several delay times are shown in Figure 15 . Such data were used for calculating the corresponding changes in the refractive index in the warmed channel and in the associated cylindrical shockwave. The radial distribution of the refraction index change in ethanol is presented in Figure 16 . In general, warming of the liquid is associated with reducing the index of refraction, while compression in the shockwave increases the index of refraction. The maximum negative change of the refractive index is on the axis of the heating beam ( = 0), where the temperature achieves a maximal value. The maxima in this figure indicate the locations of the higher compression, namely, the shockwave fronts. As time evolves, the maxima are found at larger radii. The results also indicate that the quantity of the thermal energy absorbed in the focal volume is sufficient for generating the cylindrical shockwave. It moves in radial direction with the speed of ∼1.5 km s −1 . This way, the actual temperature change at any time delay and location could also be estimated. For example, the temperature change in ethanol, at 22 ns and at = 0, was Δ ∼ 10 ∘ K. No cylindrical shockwaves were observed in water suspensions. Estimations have shown that the energy absorbed in water is dissipated by thermal conductivity. Full explanation of this difference between water and alcohols is not yet understood. A possible explanation was suggested, based on the differences in the coefficient of volumetric thermal expansion of these liquids.
The cylindrical shockwaves were observed in many alcohols. The dynamics are, in principle, very similar: starting their motion with supersonic speeds the cylindrical shockwaves quickly decelerate and expand asymptotically approaching the speed of sound.
Analytical Applications of Laser Breakdown in Water Suspensions

LIBS Method.
Laser-induced breakdown spectroscopy (LIBS) is a multielemental analytical method based on timeresolved measurement of atomic emission lines from laser plasma generated at a sample surface or inside. The most appealing quality of LIBS is the potential of remote and in situ applications. LIBS offers the ability to transfer the laser energy through an optical fiber to generate plasma and transport the resulting emission back through the fiber to a remote spectrometer, while keeping the sample free from contamination and the analyst isolated from potentially harmful environments. The advantages of LIBS for direct spectrochemical analysis include the following: (a) no or little sample preparation needed; (b) versatile sampling of all media; (c) very small amount of sample vaporized; (d) ability to analyze extremely hard materials that can hardly be digested or dissolved, such as ceramics and superconductors; (e) local analysis in microregions offering a spatial resolving power of about 1-l00 m; (f) possibility of simultaneous multielement analysis.
Good analytical performance requires high signal to noise ratio. At the very beginning of the plasma formation a continuum light emission takes place; this tends to overshadow the emission lines from the excited species in the plasma. Thus, the LIBS spectral acquisition has to be delayed until the plasma cools down. This may improve the signal to background ratio. The delay time ( ) is the time between the laser pulse and the starting of the spectral acquisition. The gate width ( ) is the time period over which the plasma light is collected [6] . By using a time-resolved detection system to control and , the intense initial continuum emission at the early stage of the plasma formation can be gated off, and the signal to noise ratio can be improved dramatically. It was found that gate width longer than 50 s was unnecessary because most of the analytical emission lines had completely decayed [82] .
LIBS performance is often affected by environmental factors, instrumental parameters, the chemical and physical properties of the sample, and the homogeneity and the ambient states of the sample. Many instrumental parameters have been optimized, including air humidity, temperature and pressure, laser pulse energy [83, 84] , pulse duration [85] , pulse repetition rate [86] , laser wavelength [87] , delay time and gate width , and the number of laser shots [90] .
The LIBS spectra contain large and complex information about the elemental composition of the sample, which can be used for qualitative as well as quantitative analysis of many elements. In a matter of microseconds, tens of thousands of data points can be collected. Therefore, the use of a suitable chemometric data analysis method to efficiently and accurately analyze the complex LIBS spectra is of considerable importance. Several relevant algorithms have been developed [91] [92] [93] . In most applications, LIBS spectra are analyzed using univariate approach (based on single emission lines), which causes the loss of useful information [94, 95] . However, also multivariate analysis methods have been applied to LIBS [96] [97] [98] [99] [100] . The results indicated that using several emission lines in combination provides improved performance [97, 101] .
LIBS of Water Suspensions. Direct application of LIBS to analysis of various materials in bulk liquids results in very low
spectral intensities [102, 103] . This might be surprising, since LIBS works well for aerosols in air [11, [104] [105] [106] or on solid particulate samples [107] [108] [109] [110] [111] [112] [113] . Even analysis of individual aerosol particles in air was successfully accomplished [106] . The main difference in water is that this medium, in contrast to air, suppresses the plasma expansion, which results in reduced sensitivities. The plasma emission in water has a very short lifetime and consists of a superposition of the elemental lines over a wide and intense continuum emission.
In order to overcome these problems, several alternative methods were developed. For example, a coaxial nozzle was used in order to enhance the spectral intensities obtained from colloidal iron. The nozzle generated a constant flow and the stream of water was irradiated by a laser pulse. This method resulted in much higher LIBS intensities than in liquid bulk and allowed for the determination of colloidal iron in the low ppm concentration range. Another approach was the collection of the suspended particles on a filter for subsequent LIBS analysis. This way, analysis of biological materials such as pollen, bacteria, molds, fungi, and viruses in water could be carried out [114, 115] . Similarly, boron, uranium, and thorium [116, 117] were also analyzed in water and results in the low ppm range were obtained. Filter assisted LIBS analysis was also developed for analysis of single biological microparticles such as pollens [118] . The measurements showed that bioaerosols could be distinguished from other common aerosols, for example, dust. Also E. coli bacteria could be identified on paper filters using LIBS [119] . Samples were prepared by aspirating a solution of bacteria on a filter paper and drying for an hour. The results showed that the samples could be characterized by their profile of spectral intensity and varieties of trace mineral elements. These trace elements are divalent cations, which maintain the cohesion of proteins in the outer bacterial membrane. It comes out that bacteria may be identified based on these trace mineral elements.
The main problem in LIBS analysis of suspended materials is explained by the following example. Figure 17 shows full LIBS spectra of a series of suspension materials. These include organic, inorganic, and biological particles, which represent particles naturally persistent in water. The tested materials were as follows: The LIBS spectra of these materials contain multiple emission lines of many elements. Many of them contain similar elemental constituents: N, Na, K, C, Ca, Si, O, and H. Inspection of these spectra shows that simple analysis is not sufficient for distinction between the various materials. The conclusion is that LIBS analysis of suspended materials requires a statistical approach. Therefore, multivariate analysis was applied to these spectra, as described in the following.
Application of Multivariate Analysis to LIBS Spectra.
Multivariate analysis (MVA) is an excellent tool for summarizing data of a large number of variables. Essentially MVA defines new variables that capture most of the variability associated with the collected data. Principal component analysis (PCA) is a basic MVA method that helps in understanding the common variations within a set of variables. The simplest PCA approach to LIBS data includes its application to the raw spectra. A scores plot model was constructed, based on four components. This model clustered materials of similar composition, as can be seen in Figure 18 . Each point represents a single laser shot. The first two principal components, PC1 and PC2, accounted for 72% and 16% of the spectral variability, respectively, while the remaining variability was described by higher PCs. These results confirmed that most of the sample set could be classified by this model. Figure 18 shows three vectors that include all organic materials of nonbiological origin (pyrene, carbon, and polystyrene), sand, and humic substances. Organic materials of biological origin (leaves and yeast) were concentrated in one location on the plot. These materials have similar elemental composition of atoms such as N, Na, K, C, Ca, O, and H. Organic materials of nonbiological source have a high concentration of carbon and combined into one vector on the PCA score plot. Sand differs from the other materials because of its high Si concentration and thus it formed its own vector. Humic substances also differ from the other materials in their basic composition. This model allowed for easy detection of these particles in water.
Due to laser power fluctuations and due to the particulate nature of the suspended materials, LIBS spectra suffer from instabilities. Therefore, analysis based on the raw spectra might not be optimal for detection of particles. Many articles suggested utilizing peak intensity ratios in LIBS analysis [120] [121] [122] [123] . For example, classification of explosive-containing Advances in Chemistry 13 residues was successfully achieved using MVA based on the emission intensity ratios of O, H, C, Ca, and N lines. It was found that most explosives have higher O and N content relative to C and N. Thus, the atomic emission ratios could differentiate explosive organics from nonexplosive organics. Other ratios were useful in separating inorganic and organic samples. These findings indicate that identifying the correct peak ratios can improve the classification of suspended materials.
Concerning the above suspended materials, good results were obtained using PCA analysis of the discrete peak intensity ratios of C/H, Na/K, and Na/Ca. The thus obtained score plots are shown in Figure 19 . The model was based on four components, where each point represented a single laser shot. This model grouped materials of similar composition. The first two principal components, PC1 and PC2, accounted for 77% and 17% of the spectral variability, respectively (94% together). These results indicated that the model based on these particular peak ratios performed better than the one based on the raw spectra. The model clearly identified four groups of materials: biological matter, humic substances, inorganic matter, and organic matter of biological and nonbiological origin. As before, sand was well separated from the other materials on the score plot. This was attributed to the fact that this material has higher K and Na content relative to C, H, and Ca.
A separate group of all organic materials was expected, since they have a high concentration of carbon and their C/H peak intensity ratios are similar. However, the results showed that yeast was well separated from other materials. While all cells contain the same elements, the ratios differ between eukaryotic cells, which do not have a rigid cell wall, and plant cells, which have chloroplasts and vacuoles [124] [125] [126] . Hence, the C/H ratio of yeast differs from that of leaves. Therefore, this model was useful for separating particles of plant cells from eukaryotic cells, which are more harmful to humans. Actually, the combination of both models provided a very useful tool for analysis of suspended materials.
Application of Optical Breakdown in Liquids to
Generation of Suspended Nanoparticles. Optical breakdown in liquids attracts much attention as a new technique of material processing [127] . In particular, generation of suspended nanoparticles is of considerable interest [128] . For example, the unique properties of gold and silver nanoparticles make them attractive in nanophotonics [129] and in biological labeling and sensing [130, 131] . Metallic nanostructures can be utilized in the development of sensors for volatile organic compounds (VOCs) and biomolecules.
Interferometric methods have the potential to elucidate the dynamics of the generation of suspended nanoparticles. The dynamic information can be used for optimizing the ablation process and for controlling the size and shape of the particles, as well as improving the yield.
Visualization of Suspended Nanoparticles Generation in Water.
Visualization was carried out using time-resolved Mach-Zehnder interferometry, as previously described. The These figures illustrate the different stages of the expansion dynamics of the high temperature plasma generated on gold and silver targets. The expanding plasma is associated with a strong shockwave in the surrounding liquid under the conditions of the well-developed vaporization. The surface plasma expands half-spherically and accelerates a layer of the surrounding liquid out of the target. In the early stages of plasma expansion, the associated shockwaves move in the water at supersonic velocities in opposite direction from the metal target. It seems that in these cases the dynamics can be approximated by the model of point explosion, with expansion into half-sphere.
At time delays of ≤ 40 ns the shockwave front propagates together with the plasma and moves with supersonic velocity. At longer delays, the front continues its motion with supersonic velocities and outdistances the contact boundary between the plasma and water. After this, the plasma rapidly decelerates its motion. Approximately this moment of time is illustrated by the interferograms in Figures 20(b) and 21(b) . The detached spherical shockwave rapidly diminishes its speed and moves at moderate supersonic speeds in opposite direction from the target. For time delays longer than ∼80 ns the shockwave asymptotically moves at the sonic speed in water (ca. 1.46 km sec −1 ). Clear differences are observed between gold and silver targets. In silver, the front of the shockwave is much wider than in gold, which might indicate removal of more material from the bulk. The time-resolved interferograms allow for estimating the shockwave radius as a function of time. This information can be converted (under certain reasonable assumptions) to expansion velocity as a function of time. The results are shown in Figure 22 . Clearly, at the very beginning of the shockwave expansion, the velocities are higher for gold targets than for silver. After ca. 8 ns the order is reversed and at long times both shockwaves attenuate and reach the asymptotic = 1 velocity.
Effect of Surface Energy Density on Particle Generation.
The energy density at a gold surface target was varied by changing its distance from the focusing lens (of = 77 mm). The laser pulse energy on the target was unchanged (75 mJ). The absorption spectra of thus generated water suspensions were measured. These spectra were measured since the absorption spectra of nanoparticles depend on their size and shape [80, [132] [133] [134] . The results are shown in Figure 23 .
The results indicated that surface energy density plays an important role. The highest absorbance was observed at the highest surface energy density, which means that this parameter directly affects the particle generation yield.
Moreover, the wavelength of maximum absorbance of gold nanoparticles in suspension indicates their morphology. In this particular case, the maximum absorbance peak was detected at 528 nm, which indicates that the mean size of the nanoparticles was ∼35 nm. The wavelength of maximum absorbance is not affected by the surface energy density, which means that this parameter cannot modify the mean size of the nanoparticles.
Effect of Laser Pulse Duration on Particle Generation.
The laser pulse-width controls the temporal distribution of the energy on the solid surface; thus, it can influence the particles production [134] . Evaluation of this effect was examined by using two different pulse lengths (at constant total pulse energy and under the same geometrical conditions). The short pulses were of 6 ns and the long pulses were on 120 s. The absorption spectra of the suspensions obtained under these conditions were measured. The results for gold target are shown in Figure 24 .
The first observation was that in both cases the wavelength of maximum absorbance is the same (528 nm). Therefore, the conclusion was that the mean size of the particles is not affected by the pulse duration (ca. 35 nm in both cases). However, the production yield was much different. Note that 60 min of irradiation using the long pulses was needed in order to reach the same absorbance as obtained by 3 min of short pulse irradiation. Longer pulses decrease the production yields. Another observation was that the particles size distribution obtained using long pulses was narrower than that obtained using the short pulses. This can be attributed to the fact that at the long pulses the energy flux is lower, which allows for local equilibration, thus preventing extreme events that might result in very small or very large particles. Figure 24 : Absorbance spectra of gold nanoparticles in water, generated by short (6 ns) and long (120 s) laser pulses. Note that much longer irradiation time (60 min) was needed using the long pulses, in order to obtain an absorbance similar to that obtained from short pulses.
The above results indicate that pulsed laser ablation of metals (e.g., silver and gold) in water enables synthesis of a variety of highly pure nanoparticles that can be integrated as functional components into sensors and different materials. The size and shape of the generated nanoparticles were found to be affected by illumination parameters (focusing lens, pulse energy, and duration).
Conclusions and Future Directions
Breakdown in colloidal suspensions is of considerable interest, both due to its scientific importance and due to its potential applications in chemical analysis of liquids. Since the atmosphere is rich in a large variety of aerosols at high concentrations, it comes out that all liquids exposed to air are actually suspensions. Therefore, breakdown in liquids should be almost always treated as breakdown in suspensions. The main consequence is that these breakdown events are of discrete nature and they are mainly governed by the nature of particulates.
The discrete nature of the breakdown and the crucial effects of the persistent particulates were not always understood. This was only recently proven, when high temporal and spatial measurements were performed using interferometric techniques. These measurements provided insight into the microstructure of the breakdown and into its dynamic processes, starting from the first few nanoseconds and up to the millisecond range. The differences in the behavior of various liquids could be explained in terms of the differences in their physical properties. The origin of the cylindrical shockwaves observed in some liquids and the way they are generated from merging of spherical individual events was thus revealed. Understanding the nature of the breakdown in liquids allowed for a new definition of their energy threshold. While old definitions were based on statistical measurements, recent studies suggested a definition based on simple measurements of the spark column lengths.
Understanding breakdown in liquids is also of considerable practical value. It can contribute to better analytical applications of this phenomenon. The limitations of the related analytical method in liquids are now clear and possible solutions have been suggested. While the performance of LIBS in liquids is still inferior, application of multivariate analysis methods has the potential to succeed in classifying suspended materials.
Besides the important application to LIBS analysis, optical breakdown in liquids can also be utilized for generation of suspended nanoparticles. This process is of importance in development of new sensors and various functional components. It was found that the size and shape of the suspended nanoparticles can be controlled by the laser irradiation characteristics, such as pulse energy, pulse duration, and focusing conditions.
It seems that further investigations are still needed. Clearly, temporal and spatial information on multipulse events is of great potential. So far, the powerful interferometric methods were only applied for single-pulse events, while it is well known that multiple pulses provide better LIBS performance in liquids. Note that although the signals are commonly integrated over many pulses, these experiments are still called single-pulse measurements, because all breakdowns were individual events. In contrast, in multipulse experiments pulses are temporally and spatially correlated. In a multipulse event in water suspension, the plasmas are generated in the microenvironment created by the previous pulses. In these cases, the shockwave dynamics described above are no longer valid. Interferometric visualization of the plasma evolution in multipulse events is expected to provide insight into the breakdown processes, which might result in better LIBS performance.
An additional promising research direction is the detailed understanding of the effects of the chemical properties of individual inclusion particulates upon the induced breakdown. Currently, only integrated results are obtained and one can speculate that some of the observed signal fluctuations are attributed to variations in the properties of the particulates. Therefore, understanding of these effects might result in better signal to noise ratios.
Breakdown on solid surfaces in water was also shown to be instrumental for fabrication of nanoparticles. So far, single-pulse measurements were performed and it has been shown that the properties of the suspended nanoparticles can be controlled by the irradiation parameters. One can envision new multipulse experiments, where the breakdowns are carried out in the microenvironment of the previous events. Under such experimental conditions, the dynamics are expected to be different and will probably result in different characteristics of the nanoparticles. Consider, for example, a sequence of pulses, controlled in time and phase, hitting the same surface site. This might provide much better control over the ablation processes and the resulting nanoparticle characteristics.
Another research of considerable interest is the optical breakdown in microsuspensions of various chemical compositions, for their fragmentation into nanoparticles. It has been shown that breakdown in suspensions is of discrete nature and it occurs at the inclusions. The fate of these inclusions has not been investigated yet. One can expect that the result would be an explosion of the microparticles and their fragmentation into nanoparticles. The resulting size distribution and the parameters that allow controlling the outcome of such microexplosions are still to be investigated.
